. Minor symptoms can reduce grain yields by up to 20% and severe cases can result in total crop failure (Froechlich and Fehr, 1981; Niebur and Fehr, 1981) . In the North Central United States, it has been estimated that soybean is grown on 1.8 million ha of high-pH soil with an accompanying estimated annual yield loss of 340,000 Mg (Hansen et al., 2003) .
There are several agronomic treatments for IDC including foliar sprays, seed treatments, soil Fe chelate applications, and tolerant cultivar selection. Foliar sprays are used as a restorative measure after the onset of chlorosis. A comparison of different foliar applications indicated that although soybean chlorosis improved, no yield improvement was achieved (Chatterjee et al., 2017) . Iron supplementation through seed treatments has had limited success. Although IDC-tolerant cultivars were found to respond positively to treating seeds with Fe, no yield increase was observed in susceptible cultivars (Karkosh et al., 1988) . In studies comparing the effects of foliar Fe sprays, seed treatments, and Fe chelate soil application, it was concluded that cultivar selection was the most effective method for controlling IDC in soybean (Goos and Johnson, 2000; Kaiser et al., 2014) .
Phenotyping of foreign soybean introductions that displayed some tolerance to IDC from the USDA soybean collection indicated that no cultivar existed that was completely tolerant to IDC (Fehr, 1982) . Although there is a great deal of variation for IDC tolerance in breeding material, no completely tolerant cultivars were found during recent soybean variety trials in Minnesota (Minnesota Agricultural Experiment Station, 2017) and North Dakota (Kandel et al., 2017) when sufficient IDC pressure was present. Spatial variation and year-to-year variation in IDC severity (Inskeep and Bloom, 1987) make IDC tolerance a difficult trait to select for in breeding programs. Furthermore, little is known about the mechanism of Fe deficiency tolerance in soybean, which prevents indirect selection for trait improvement. Therefore, nearly all selection for IDC tolerance is done through visual ratings on breeding lines planted in IDC-prone nurseries (personal communication; Aaron Lorenz, Ted Helms, and George Graef; .
Identifying QTLs for marker-assisted breeding for IDC tolerance would be beneficial, considering the difficulty and inefficiency of screening breeding populations on the basis of phenotype alone. Once QTLs have been identified, it would also be useful to identify the gene variants underlying the tolerance trait to illuminate the physiological and molecular mechanisms soybean uses to combat this abiotic stress. An early study on IDC tolerance indicated that it was controlled by a single major gene (Weiss, 1943) ; however, later studies firmly concluded that IDC tolerance is a quantitative trait controlled by many genes (Cianzio and Fehr, 1982; Mamidi et al., 2014) . Relatively large-effect QTLs have been identified, including a single major-effect QTL required for soybean Fe efficiency reported on Gm03 (linkage group N) (Lin et al., 1997) . Peiffer et al. (2012) used a backcrossing technique to develop near isogenic lines (NILs) of different recombination classes within the Gm03 QTL for fine-mapping. As a result, two genes encoding basic helixloop-helix transcription factors, which were hypothesized to dimerize together, were identified as potential candidates. One of the two genes was found to contain a deletion in a predicted dimerization domain. Differences in the transcript abundance of genes induced by Fe deficiency had previously been identified (O'Rourke et al., 2009) , making a transcription factor a likely candidate. This discovery led to the identification of additional transcription factors important in the Fe deficiency response (Li et al., 2018) . Several minor effect QTLs for IDC tolerance have also been identified in soybean (Charlson et al., 2005; Lin et al., 1997 Lin et al., ,2000 Mamidi et al., 2011 Mamidi et al., , 2014 Wang et al., 2008) . To our knowledge, fine-mapping of these QTL has not been conducted, most probably because of the difficulties associated with phenotyping IDC and the lack of power to detect small differences in tolerances associated with these individual QTLs. Finemapping of additional IDC QTLs is an important step in developing markers for selection, as well as leading to gene discovery and furthering our understanding of IDC tolerance mechanisms in soybean.
Although no completely tolerant cultivars are present in the germplasm collection, there are a handful of cultivars with a high level of IDC tolerance. One such cultivar is Fiskeby III (PI 438471), which was identified as a potential cool climate cultivar (Holmberg, 1973) with multiple abiotic stress tolerances. Fiskeby III has presented an opportunity to map QTLs for tolerance to salt (Carter et al., 2006; Do et al., 2018) , aluminum toxicity, ozone tolerance (Burton et al., 2016) , and canopy wilt tolerance (Butenhoff, 2015) . In this study, we used a previously developed biparental mapping population with Fiskeby III as a parent to fine-map an IDC tolerance QTL.
The objective of this study was to identify and finemap QTLs controlling IDC tolerance in soybean. We first demonstrate that a QTL on Gm05 is an important contributor to genetic variation for IDC tolerance through association mapping by using plant introductions from the USDA Germplasm Resources Information Network soybean collection and elite breeding lines from Uniform Regional Trials (URTs). We then present results from a biparental linkage mapping population of Fiskeby III (PI 438471) by 'Mandarin (Ottawa)' (PI 548379), which also mapped a QTL to the same position on Gm05. Using this population, we created a series of NILs and narrowed the QTL interval to a 137-kb region containing 17 gene models. Results from this study form an important step towards the identification of genes controlling IDC tolerance in soybean.
METHODS

Association Mapping
Two independent panels of soybean genotypes were used for genome-wide association mapping: a panel of plant introductions (the PI Panel) and a panel of breeding lines entered into the USDA Northern Uniform Regional Trials (the URT Panel). A total of 1737 accessions comprised the PI Panel, 1352 of which were evaluated for IDC tolerance at two locations in 2001 and 385 of which were evaluated for IDC tolerance at five locations in 2004. Phenotypic data for the PI Panel was downloaded from the Germplasm Resource Information Network website (https://npgsweb.ars-grin.gov/gringlobal/descriptordetail.aspx?id=51074, accessed 26 Aug. 2019). Briefly, the experimental design consisted of two randomized replications of the PI Panel grown under field IDC conditions, with symptoms scored on a 1 to 5 chlorosis severity rating scale, where 1 indicated no chlorosis and 5 indicated severe chlorosis (Cianzio et al., 1979) . Final scores for the PI Panel were reported as adjusted means with the values of neighboring plots as covariates for adjustment.
A total of 854 advanced public breeding lines comprising the URT Panel were also screened for IDC tolerance. The IDC scores for the URT Panel were obtained from the final reports of the USDA Northern Region Uniform Soybean Tests between 1989 and 2017. Each year, breeding lines in the URT maturity groups 00 to II were planted into IDC conditions at one or two locations in a randomized complete block design with two replications. In most years, the plots consisted of single rows 0.91 m in length spaced 0.76 m apart. Experimental design parameters and the number of genotyped lines from each URT year are provided in Supplemental Table  S1 . The IDC scores were taken with the same phenotypic scale described for the PI Panel and reported as the mean of two scoring dates averaged across replications. Means of each breeding line were obtained from https://ars. usda.gov/mwa/lafayette/cppcru/ust (accessed 26 Aug. 2019) and compiled into a single dataset consisting of breeding line, location, year, and mean IDC score.
Genotypic data were downloaded from SoyBase (www.soybase.org, accessed 26 Aug. 2019) for the PI Panel and accessions were genotyped with the SoySNP50K iSelect SNP Beadchip (Song et al., 2013 (Song et al., , 2015 . To initiate URT line genotyping, remnant seeds of URT lines were requested from public soybean breeders who entered breeding lines in the Northern URT. Tissue was collected from 5 to 10 germinated seedlings per line and DNA was extracted via the hexadecyltrimethylammonium bromide method (Kisha et al., 1997) . DNA was then genotyped with the SoySNP6K Infinium Beadchip (Illumina Inc. San Diego, CA) and the Illumina iScan platform. GenomeStudio Genotyping Module (Illumina Inc.) was used to call the single nucleotide polymorphism (SNP) alleles (Song et al., 2013) . SoySNP6K genotype data were obtained for several individuals ['Burlison' (PI 533655), 'Kenwood' (PI 537094), 'Sturdy' (PI 542768), 'Hoyt' (PI 540552), 'Flyer' (PI 534646), and 'Resnik' (PI 534645)] by selecting the SoyS-NP6K SNP allele data from the SoySNP50K iSelect SNP Beadchip data (Song et al., 2013 (Song et al., , 2015 .
In both panels, SNPs with minor allele frequencies less than 0.025 were removed. A total of 42,294 and 5972 biallelic SNP markers for the PI Panel and the URT panel, respectively, were retained in the analysis after minor allele filtering. Single nucleotide polymorphism positions and all genomic positions within this study are in reference to the Wm82.a2.v1 genome assembly bp positions (Song et al., 2016) . A genome-wide association analysis was implemented via the "GWAS" function within the rrBLUP package (rrBLUP version 4.6; Endelman, 2011) on the PI Panel and the URT Panel separately. In each analysis, the year, location, subpopulation structure (modeled as three principal components), and SNP effects were fitted as fixed effects into a mixed linear model. A principal component analysis implemented in the Fac-toMineR package via the pca function (Le et al., 2008) was performed separately on the genotypic data from the PI Panel and the URT Panel. The first three principal components accounted for 20 and 11% of the total SNP variation in the PI Panel and URT Panel, respectively. Random polygenic effects (u) were also included, and were modeled as
, where G represents the genomic relationship matrix calculated internally by the "GWAS" function of the rrBLUP package. To declare statistically significant associations between SNPs and IDC scores, a genome-wide significance threshold of 5.93 and 5.07 (-log(p)) was set for the PI Panel and URT Panel, respectively, with a Bonferroni correction for the number of tests (i.e., total number of SNPs tested) in each panel. This is a highly conservative form of multiple testing correction and thus any SNPs surpassing this threshold displayed very strong evidence of a true association with the observed IDC score. The reduced power resulting from a conservative threshold was not of concern because the objective of this study was to ultimately fine-map specific QTLs, not describe the full genetic architecture of IDC tolerance.
The "LD" function of the genetics package (Genetics version 1.3.8.1.2, Warnes et al., 2019) was used to calculate linkage disequilibrium between significant SNPs discovered near each other on the same chromosome. Single nucleotide polymorphisms associated with each other were considered to be a single QTL. To detect epistatic interactions among QTLs, a linear model was fitted with year, location, and the first three principal components as fixed effects and all interactions modeled between peak significant SNPs.
Biparental Mapping Population Development
The development of the biparental population used in this study has been described previously by Burton et al. (2016) . Briefly, Fiskeby III (Maturity Group 000) was hybridized with the IDC susceptible cultivar Mandarin (Ottawa) (PI 548379, Maturity Group 0) in 2006 to create an F 5:6 population of 239 recombinant inbred lines (RILs). Mandarin (Ottawa), a selection from the Chinese landrace 'Mandarin', was a prominent parent in breeding crosses of early North American breeding programs. Through a pedigree analysis, Gizlice et al. (1994) estimated that Mandarin (Ottawa) contributed substantially to the U.S. cultivars released between 1947 and 1988. The F 1 seed was harvested and planted in a winter nursery in Chile during 2006-2007. The F 2 seed was harvested and single-seed descent was used to advance the population to the F 5 generation. The F 5 seed was planted in the greenhouse at the USDA-ARS facility in Raleigh, NC, in the winter of 2010 and F 5:6 families were created by harvesting the seeds from individual F 5 plants. The F 5:6 families were then planted in the summer of 2010 in Minnesota in progeny rows. Seed was harvested and bulked by each progeny row to create F 5:7 families for use in this study.
Biparental Mapping, Design, and Phenotyping
The 239 RILs were planted in an IDC nursery near Danvers, MN in 2011 , 2012 , and 2013 . The soil type consisted of 50% Bearden-Quam (Bearden: fine-silty, mixed, superactive, frigid Aeric Calciaquolls; Quam: fine-silty, mixed, superactive, frigid Cumulic Endoaquolls), 30% Byrne (fine-loamy, mixed, superactive, frigid Calcic Hapludolls), and 10% each of Quam and Malachy (coarse-loamy, mixed, superactive, frigid Aquic Calciudolls). All soil series shared the common characteristics of being poorly drained (which facilitates bicarbonate release) and prone to IDC symptoms. The RILs were planted into single-row plots arranged in a randomized complete block design with three replications. Plots consisted of 25 seeds planted in rows 0.91 m in length and spaced 0.76 m apart. Only two replications were planted in 2013 because of a shortage of seed. Seven check lines were included to control for environmental variation. Iron deficiency chlorosis was scored for each replication at the third trifoliate (V3) stage and again at the sixth trifoliate (V6) stage (Fehr and Caviness, 1977) on a 1 to 9 chlorosis severity rating scale on a whole-plot basis. The following guidelines were used: 1 = healthy, green plants within the plot, with no signs of chlorosis; 2 = several chlorotic leaves visible within the plot; 3 = 10 to 20% of leaves chlorotic; 4 = 20 to 30% of leaves chlorotic; 5 = 30 to 50% leaves chlorotic; 6 = >50% of leaves chlorotic; 7 = >50% of leaves chlorotic with <50% necrosis occurring; 8 = >50% of leaves chlorotic with >50% necrosis; 9 = complete necrosis and plant death. This nine-point scale was used in this experiment for increased resolution and thus better ability to detect small differences among the NILs.
For estimation of broad-sense heritability on an entry-mean basis (Holland et al., 2010) of IDC scores, the following model was fitted:
where y ijk is the IDC score of the plot, m is the model intercept, g i is the effect of the i th RIL, e j is the effect of the j th environment, r k(j) is the effect of the k th replicate (block) nested within the j th environment, ge ij is the interaction effect between the i th genotype and the j th environment, and e ijk is the residual. To calculate heritability, all effects were considered to be random for the estimation of variance components via restricted maximum likelihood. For purposes of QTL mapping, RIL least-squares means were calculated via the same linear model, with the exception of the RIL effect being fitted as a fixed effect. DNA from the RIL plants were extracted with the Qiagen DNeasy Plant Mini Kits in a QiaCube workstation (Qiagen, Hilden, Germany). DNA was extracted from a sample of 15 to 20 primary root tips for each RIL. In total, 1536 SNP markers were genotyped in the RIL population via the Illumina GoldenGate assay (Hyten et al., 2010) . The analysis was completed following the protocol described by Fan et al. (2006) on the Illumina BeadStation 500G (Illumina Inc.). Linkage map construction for this population has been described by Burton et al. (2016) . The following criteria were used to exclude markers in Illumina's GenomeStudio software, version 2011.1: monomorphism, a call frequency less than 95%, a GenTrain score less than 0.25, cluster separation less than 0.20, and an AB_T Mean less than 0.20 or between 0.80 and 1.00. The software package R/qtl, version 1.32-10 (Broman et al., 2003) was used to evaluate the quality of the linkage map by checking for duplicate and missing markers, marker order compared with the USDA consensus map (Hyten et al., 2010) , and segregation distortion. Upon completion of marker allele calls and map quality evaluation, 366 SNP markers were retained for QTL analysis. The final map length was 1811 cM, with an average marker spacing of 5.2 cM.
Composite interval mapping in the R/qtl statistical package (Broman et al., 2003) was used for QTL mapping. Composite interval mapping was performed with five marker covariates, a window size of 10 cM, and a walking speed of 2 cM. Logarithm of odds (LOD) thresholds for declaring QTL significance were set to ensure an experiment-wise error rate of 0.05. The thresholds for the 1, 5, and 10% significance levels were 4.57, 3.77, and 3.46, respectively. These thresholds were determined from 1000 permutation tests (Doerge and Churchill, 1996) . Haley-Knott regression, implemented in R/qtl, was used to estimate the amount of phenotypic variation that significant QTLs accounted for, as well as marker effect estimates on the 1 to 9 rating scale.
Fine-Mapping of the Gm05 QTL Twenty F 5:6 families from the Fiskeby III × Mandarin (Ottawa) population were identified as being heterogeneous for a significant QTL found on Gm05. Individuals from each RIL family were genotyped with a custom panel of 19 SNP assays (Supplemental Table S2 , designed from SNPs from the SoySNP50K iSelect SNP Beadchip) on a MassARRAY platform (Sequenom, Agena Biosciences, San Diego, CA) in the winter of 2014-2015 to identify heterozygous plants and develop heterogeneous inbred families (HIFs) (Tuinstra et al., 1997) . Six F 5:6 families were found to still have heterozygous individuals. Heterozygous plants were identified and advanced for three generations to the F 9 generation. The F 9:10 NILs were developed for each HIF family from single F 9 heterozygous plants. The F 10:11 seed was harvested from NILs and used for phenotyping ( Fig. 1) . To further resolve the QTLs, an additional panel of 27 SNP assays ( Supplemental Table S2 , designed with SNPs found in whole-genome resequencing of Fiskeby III and Mandarin (Ottawa)) were used to find a critical recombination point in HIF 609.
Phenotyping of the fine-mapping population was done at the Danvers, MN, site in 2016 and 2017. The F 10:11 NILs in 2016 and F 11:12 NILs in 2017 from each HIF were planted in an augmented block design with five NIL pairs in each incomplete block alongside two checks: Fiskeby III as a tolerant check and Mandarin (Ottawa) as a susceptible check. These were planted in the center of each incomplete block. Each pair of NILs appeared in the same incomplete block together but pairs were randomized across the incomplete blocks. Three replications of each NIL pair were planted and evaluated in complete blocks, so that incomplete blocks were nested inside complete blocks. Plot dimensions were identical to those used for the initial QTL mapping. Ratings were conducted on the same 1 to 9 scale used for initial QTL mapping. The statistical significance of SNP effects was determined via the following linear model:
where y ijklm is the IDC score of the plot, m is the intercept, z i is an indicator variable indicating whether line i carries the Mandarin (Ottawa) allele or the Fiskeby III allele at the SNP locus being tested, m is the SNP effect, e j is the effect of the j th year, r k(j) is the effect of the k th complete block nested within the j th year, B is an incomplete block effect modeled as a quantitative covariate using the mean IDC score of the checks in each incomplete block (x l ); h m is the effect of the m th heterogeneous inbred family; and e ijklm is the residual. The significance of the SNP effect was calculated and used to fine-map the position of the QTLs.
To estimate the effects of individual NILs, the model described above for testing SNP effects was used, with the exception of z i m being replaced by g i , which represents the effect of the i th NIL. The NIL effects were used to calculate the NIL-adjusted means. Significant differences (P < 0.05) between paired NILs were determined from the LSD obtained from the "LSD.test" function of the "agricolae" package in R (De Mendiburu Delgado, 2009).
Genomic Coordinates
All genomic coordinates used in this study are in reference to the Wm82.a2.v1 genome assembly bp positions (Song et al., 2016) .
RESULTS
Genome-Wide Association Mapping of IDC Tolerance
Phenotypic variation for IDC was found in all years and locations for the PI Panel and URT Panels. In total, 1336 lines were included in the PI Panel. Iron deficiency chlorosis scores over the 2-yr study period in the PI Panel ranged from 1 to 5, with an average score of 3.07. The URT Panel included 854 lines over the course of the 19-yr study, with IDC scores ranging from 1 to 5 and an average score of 3.11. A total of 42,294 and 5972 biallelic SNP markers were retained in the analysis after minor allele filtering in the PI Panel and URT Panel, respectively, and used in genome-wide association studies. In the PI Panel, four significant SNPs were found in association with each other (p < 0.001) in a 369-kb region on Gm03, three significant SNPs were found to be in association with each other (p < 0.001) in a 1.1-Mb region on Gm05, and seven significant SNPs were found to be in association with each other (p < 0.001) in a 24-kb region on Gm06 (Fig. 1a ). These findings indicated three distinct QTLs. A significant epistatic interaction was found between the Gm03 and Gm06 QTL (p < 0.001). Two significant SNPs were found in the URT Panel at the genome-wide significance level (-log(p) > 5.07, Fig. 2b ), both on Gm05 and in high association with each other (p < 0.001). This Gm05 QTL in the URT Panel colocalized within the Gm05 region discovered in the PI Panel. Marker bp positions and -log(p) scores are summarized in Table 1 . Of the SNPs associated with the QTLs discovered in association mapping in the PI Panel on chromosomes Gm03 and Gm06, only one SNP from each QTL was present on the SoySNP6K Infinium Beadchip used in the URT Panel. The minor alleles of these SNPs had frequencies of 0.03 (ss715585486) and 0.029 (ss715595697) in the URT population. Though these minor allele frequencies are above the minimal threshold for inclusion in the analysis, their low frequencies greatly reduced detection power in the URT Panel despite these QTLs having strong effects.
Recombinant Inbred Line Analyses for IDC Phenotypic Variation and QTL Mapping
Genetic mapping of IDC symptoms was performed for a RIL population derived from Fiskeby III and Mandarin (Ottawa) via a 1 to 9 chlorosis severity rating scale. As expected, Fiskeby III showed greater tolerance to IDC than Mandarin (Ottawa) in all 3 yr of evaluation. The average IDC scores for Fiskeby III and Mandarin (Ottawa) over the 3-yr study period were 3.25 and 5.19, respectively. A high amount of phenotypic variation was observed in the RIL population, which is typical for IDC. The mean IDC score over the 3-yr period for the RILs was 3.98 but ranged from 1.29 to 7.15 following a normal distribution. If we compare the years, 2012, a year with record heat and drought, had the lowest average IDC score and a maximum IDC score of 4.97 averaged across repetitions, whereas 2013, which had a cool and extremely wet spring, had a much higher average and maximum IDC score and a minimum score nearly equal to the average score in 2012 (4.01) ( Table 2 ). Significant differences in IDC score were found for RIL genotypes (p < 0.001) as well as years (p < 0.001). The heritability of IDC tolerance on an entry-mean basis averaged over the Here, 239 recombinant inbred lines (RILs) were generated from the initial hybridization of Fiskeby III and Mandarin (Ottawa). After quantitative trait locus (QTL) mapping in the F 5:7 generation, six RILs with residual heterozygosity in individuals were found and used to generate heterogeneous inbred families (HIFs), depicted by red circles. Heterozygous plants within HIFs were advanced to the F 9 generation. Homozygous NIL pairs were identified in the F 9:10 generation, and F 10:11 seed was harvested for planting in the 2016 iron deficiency chlorosis (IDC) nursery. Further inbreeding was conducted from F 9:10 heterozygous individuals to develop F 11:12 NIL pairs for phenotyping in the 2017 IDC nursery. 3-yr period was 0.61, which is similar to the heritabilities for IDC reported in previous studies (Lin et al., 1997 (Lin et al., , 2000 Charlson et al., 2005) . Variation caused by year had the highest impact (54%), whereas genotypes and genotypes nested within years accounted for 9.8 and 9.6%, respectively. Variance caused by repetition and repetitions nested within year was negligible and error variance accounted for 26.4% of the total variation.
Two QTLs for IDC tolerance were detected, one on Gm05 and another on Gm06 (Fig. 2c ). The Gm05 QTL was found to have a peak LOD score of 8.5 at 0 cM and spanned 0 to 2 cM on a 1.5-LOD support interval. The QTL on Gm05 displayed an additive effect of 0.25 and explained 16.2% of the phenotypic variation for IDC in this study. The Gm06 QTL had a peak LOD at 67 cM, spanned 57 to 81 cM based on a 1.5-LOD support interval, and had a peak LOD score of 5.5 (Fig. 2c ). The Gm06 QTL had an additive effect of 0.16 and explained 7.7% of the phenotypic variation for IDC in this study (Table 3) . The Fiskeby III alleles contributed the IDC tolerance in both cases (Table 3) .
Fine-Mapping of the Gm05 QTL The QTL discovered on Gm05 in both the association mapping and biparental mapping experiments was fine-mapped to provide higher resolution of the causative locus. Six HIFs were generated from RILs in the biparental mapping population and were further inbred. In each inbreeding generation, heterozygosity was maintained within the QTL region to allow for new recombination within the locus while increasing the homogeneity of the genetic background within each HIF. Near isogenic line pairs generated from HIFs were analyzed for differences in IDC tolerance in Danvers, MN in 2016 and 2017 via the 1 to 9 rating scale. The F 10:11 NIL pairs generated from the F 9:10 HIFs showed significant variation for IDC tolerance in the 2016 field season (p < 0.001) (Fig. 3) . A single NIL pair (722) showed a statistically significant difference in IDC score, which differentiated for a 450-kb region on Gm05. Other NIL pairs that differentiated at this locus showed similar results, with the Fiskeby III haplotype exhibiting lower mean IDC scores, although these differences were not statistically significant (Fig. 3) . The average IDC score reduction of NILs contrasting in the 450-kb region in 2016 was 0.55 points on a 1 to 9 scale, similar to the homozygous effect of the QTL estimated by biparental mapping, and ranged from reductions of 0.49 to 0.82 points. Moreover, two NIL pairs (642, 693) that were monomorphic for this region had very similar IDC scores (Fig. 3) . These results indicated that the QTL region was narrowed to a 450-kb region on the end of the short arm of Gm05 (Fig. 4b) .
In the 2017 field season, five F 11:12 NIL pairs were phenotyped in Danvers, MN, to further resolve the 450-kb region (Fig. 3 ). Significant differences were again found between NILs (p = 0.014). Significant differences within pairs were only found for HIF 609, which differentiated a ~160-kb region; the Fiskeby III haplotype at this region exhibited superior IDC tolerance. Near 6 9,768,760 5.960 - † The SNPs, chromosomes, and bp positions were aligned with the Wm82.a2.v1 genome assembly. ‡ The SNPs were considered significant when -log(p) was greater than 5.93 in the PI Panel and 5.07 in the URT Panel. Table 3 . Summary of results for composite interval mapping of iron deficiency chlorosis (IDC) based on least-square mean IDC scores. For the quantitative trait locus (QTL) on chromosomes 5 and 6, the associated peak marker, logarithm of odds (LOD) position, LOD score, 1.5-LOD support interval, percentage of phenotypic variation explained by the QTL, and additive effect of a single copy of the Fiskeby III allele for each QTL are identified.
Chromosome
Peak marker Marker position † LOD peak position LOD score 1.5-LOD support interval % Variation explained Additive effect bp cM cM 5
BARC-044481-08709 21,750 0 8.5 0-2 16.2 -0.25 6 BARC-014557-01578 11,851,152 67 5.5 57-81 7.7 -0.16 † Marker position coordinates are based on the Wm82.a2.v1 genome assembly. isogenic lines from HIFs 627, 644, and 693 also showed improved IDC scores when the Fiskeby III haplotype was present within the 160-kb region, although this was not statistically significant. Heterogeneous inbred family 642 showed only minor differences in IDC score and was homogeneous for the region. An additional 27 SNP markers developed from the whole-genome resequencing data from Fiskeby III and Mandarin (Ottawa) in the 160-kb region showed that HIF 609 had a recombination point between bp positions 133,185 and 137,207 on Gm05, roughly narrowing the QTL to 137 kb in size ( Fig.  4c and 4d) . The average score reduction of NILs with the Fiskeby III haplotype in this region was 0.73 points on a 1 to 9 scale. Heterogeneous inbred family 609, with the smallest introgression region, showed an IDC score reduction of 1.5 points with the Fiskeby III haplotype. A combined analysis was performed on the 2016 and 2017 populations to validate significance between NIL pairs. Markers from bp positions 12,018 to 308,102 showed significant differences (p < 0.01) for IDC score between Fiskeby III and Mandarin (Ottawa) alleles (Table 4) , indicating that the causative gene is near the end of the chromosome. In all cases, the Fiskeby III marker alleles contributed IDC tolerance, with an average score reduction of 0.61 points on a 1 to 9 scale. Fig. 3 . Near isogenic line (NIL) pair haplotype classes generated in heterogeneous inbred families (HIFs) of soybean. The family identification number is indicated in the HIF column and the NIL identification number within each family is indicated in the NIL column. The iron deficiency chlorosis (IDC) score was averaged for each NIL in 2016 (F 10:11 , Avg Score 2016) and 2017 (F 11:12 , Avg Score 2017). Average IDC scores with different letters indicate significant differences between NIL pairs by LSD. Custom Sequenom MassARRAY single nucleotide polymorphism markers and bp positions of markers flanking crucial recombination points in the Gm05 quantitative trait locus region are indicated. Positions are in reference to the Wm82.a2.v1 genome assembly.
DISCUSSION
Resolving the IDC QTL Region on Gm05
A QTL for soybean IDC tolerance was discovered on Gm05 through association mapping for both the PI Panel and URT Panel, as well as biparental mapping. In the association mapping, significant SNPs were found between bp positions 201,448 to 1,325,450 on Gm05, with the peak marker at bp position 201448 in both populations. In the biparental mapping, the most significant marker genomewide was found on Gm05 at bp position 21750, which overlapped with the association mapping interval. Results from biparental and association mapping indicate that the QTL is located on the end of the chromosome, which coincides with another association mapping study that also used elite breeding lines (Mamidi et al., 2014) . The Gm05 QTL is unique in that it is strongly supported by identification in all populations in this study. Unlike the QTLs on Gm03 and Gm06 in the PI panel, the Gm05 QTL is an important source of genetic variation among elite breeding lines, as it was the only significant QTL discovered in the URT Panel.
Because Mandarin (Ottawa), the susceptible parent in the biparental population, is prominent in the ancestry of elite lines released from 1947 to 1988 (Gizlice et al., 1994) , many modern elite cultivars may have inherited the susceptible allele from Mandarin (Ottawa) at this locus.
Fine-mapping of the Gm05 QTL through HIFs allowed for higher resolution of the QTL interval. In the 2016-2017 combined HIF analysis, significant markers were found from the beginning of Gm05 to bp position 308,102, again indicating that the causative gene is located on the end of the short arm of Gm05. Direct NIL comparisons showed results similar to those of Tuinstra et al. (1997) in that NILs with the tolerant haplotype showed an improvement; however, the differences were not always statistically significant from their paired NIL with the susceptible haplotype. This is not surprising, considering the difficulty of accurately scoring IDC and the strong influence of genotype × environment effects on this trait. Despite this, at least one NIL pair in each year had statistically significant differences in IDC score. Because significance was found in the combined analysis, it is possible to further narrow the region by using individual HIFs that showed significant differences in IDC score between NILs. Near isogenic lines from HIF 609 showed significant differences in IDC score and differed between Fiskeby III and Mandarin (Ottawa) haplotypes in a ~137-kb region on the end of Gm05, representing the smallest resolved region that may contain the causative gene. The region fine-mapped to HIF 609 contains 17 protein coding gene models in the Wm82.a2.v1 soybean genome annotation (Fig. 4) . It is not clear whether this QTL is sufficiently valuable to be used in marker-assisted selection programs. However, further cloning of the IDC tolerance gene in this region will enhance our understanding of this trait.
Understanding the causative gene will allow for increased knowledge of the physiological mechanisms of tolerance, as was proposed for previous studies of the IDC tolerance gene on Gm03 (Peiffer et al., 2012) . Furthermore, identifying the causative gene will provide a basis for the development of novel strategies for crop improvement, including mining for novel variation, or creating novel variation through gene editing technologies and transgenesis (Jaganathan et al., 2018) . There are several candidate genes within the fine-mapped Gm05 locus that have annotations suggesting potential functions in IDC tolerance, such as Glyma.05g001400, which is a FxxhVQxhTG (a VQ-containing motif) domain, known to regulate abiotic stress responses (Jing and Lin, 2015) . The VQ motif proteins interact with WRKY transcription factors, which have been shown to regulate phosphate acquisition in Arabidopsis thaliana (L.) Heynh. (Devaiah et al., 2007) , as well as Fe homeostasis in rice (Oryza sativa L. ssp. indica) (Ricachenevsky et al., 2010) . The region also contains a Multidrug and Toxin Efflux (MATE) family protein gene (Glyma.05g001700). Multidrug and Toxin Efflux proteins GmFRD3a (Glyma.15g274600) and GmFRD3b (Glyma.09g102800) have been shown to be involved in Fe transport in the xylem of soybean, and increased expression of these genes improved Fe efficiency (Rogers et al., 2009) . Although Glyma.05g001700 shares only slight protein homology with GmFRD3a (E-value = 0.32, 24% identity) and GmFRD3b (E-value = 0.75, 33% identity) over the complete protein length, it is possible that it plays a role in Fe transport within the roots, where it has been shown to be expressed (Severin et al., 2010) . Lastly, it is possible that the source of the IDC tolerance, Fiskeby III, may contain a causative gene or genes in the mapped interval that is not present in the soybean reference cultivar Williams 82 genome (Schmutz et al., 2010) . Further fine-mapping, genome analysis, and gene expression comparisons between NILs in the 609 family may help elucidate the gene and molecular mechanism(s) responsible for the Fiskeby III Gm05 IDC tolerance QTL.
Additional IDC QTLs Identified in This Study
The QTL on Gm05 was found in all mapping populations and methods in this study. However, two other IDC QTLs were identified within different subsets of the analysis. Through association mapping, a QTL on Gm03 was discovered in the PI Panel. This QTL overlaps with the known locus required for Fe efficiency in soybean (Peiffer et al., 2012) , which can explain 70% of phenotypic variation for IDC tolerance in some populations (Lin et al., 1997) . The NILs Clark (PI 548533) and IsoClark (PI 547430) have been used to characterize the genetic mechanism of the locus (O'Rourke et al., 2009 ). The Fe-inefficient IsoClark does not show a response to Fe deficiency stress, whereas the Fe-efficient Clark activates a suite of pathways to overcome the deficiency. Because none of the differentially expressed genes reside within the Gm03 locus, Peiffer et al. (2012) hypothesized the tolerance gene to be a transcription factor or regulator. The epistatic interaction with this QTL and the Gm06 QTL may be explained by this hypothesis. Although this QTL appears important in unadapted germplasm, it should be noted that no significance was found in this region in the URT Panel. The low minor allele frequency of marker ss715585486 within the QTL in the URT Panel suggests that the Fe-inefficient allele is present in low frequency among elite breeding lines.
Another QTL was identified on Gm06 in association mapping in the PI Panel and biparental mapping; however, it was not identified in the URT Panel. In the PI Panel, the peak significant marker (ss715595695) was at bp position 9,762,865 on Gm06; the peak marker in Table 4 . Combined marker analysis of near isogenic lines (NIL) in 2016-2017. In each year, NILs were pooled and genotype data from each NIL were used to calculate the iron deficiency chlorosis (IDC) score average associated with the alleles., marker IDC score averages for 'Mandarin (Ottawa)' and 'Fiskeby III' alleles, and significance of each marker are reported below. **** Significant at the 0.0001 probability level. † Marker ID (SSID) and marker bp positions are derived from the Wm82.a2.v1 genome assembly. ‡ NS, not significant.
SNP ID †
biparental mapping (BARC-014557-01578) was at bp position 11,851,152. Despite the peak positions being roughly 2 Mb apart, this is likely to be a single QTL on Gm06 if we consider that the large support interval in the biparental mapping population was caused by low marker coverage in the region. Similar to the Gm03 QTL found in this study, the minor allele frequency of the Gm06 QTL in the URT Panel was low (0.029), which is most probably why it was not detected in that population. Interestingly, the Fe-inefficient allele appeared to be nearly fixed in the URT Panel. This QTL shows a very small effect (-0.16 of a point per allele copy), which limits its value in a breeding program and potentially explains why it has perhaps not been under heavy selection.
CONCLUSION
An IDC tolerance QTL on Gm05 was found to be a significant source of variation in both the PI Panel and elite breeding material. Two additional QTLs identified on chromosomes 3 and 6 in the PI Panel were also identified but were not found to be a significant source of variation in elite material. A tolerance allele from Fiskeby III was independently mapped to the same locus on Gm05 in a biparental mapping population and was then finemapped to a 137-kb region containing 17 putative gene models. The results from this study provide an important starting point for identifying the causal polymorphism within this QTL, which will be valuable for understanding the molecular mechanism underlying the variation in IDC tolerance among elite soybean varieties. Supplemental Table 1 . Uniform Regional Trial yearly test information from 1989 to 2017. Supplemental Table 2 . Primers used in custom MassAR-RAY genotyping for fine mapping of the Gm05 IDC QTL
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